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Fluorescence spectroscopy is a widely used research 
tool in biochemistry and molecular biology. Fluores- 
cence has also become the dominant method enabling 
the revolution in medical diagnostics, DNA sequenc- 
ing, and genomics. To date all the fluorescence observ- 
ables, including spectral shifts, anisotropics, quantum 
yields, and lifetimes, have all been utilized in basic 
and applied uses of fluorescence. In this forward-look- 
ing article we describe a new opportunity in fluores- 
cence, radiative decay engineering (RDE). By RDE we 
mean modifying the emission of fluorophores or chro- 
mophores by increasing or decreasing their radiative 
decay rates. In most fluorescence experiments the ra- 
diative rates are not changed because these rates de- 
pend on the extinction coefficient of the fluorophore. 
This intrinsic rate is not changed by quenching and is 
only weakly dependent on environmental effects. 
Spectral changes are usually caused by changes in the 
nonradiative rates resulting from quenching or reso- 
nance energy transfer. These processes affect the 
emission by providing additional routes for decay of 
the excited states without emission. In contrast to the 
relatively constant radiative rates in free solution, it is 
known that the radiative rates can be modified by 
placing the fluorophores at suitable distances from 
metallic surfaces and particles. This Review summa- 
rizes results from the physics literature which demon- 
strate the effects of metallic surfaces, colloids, or is- 
lands on increasing or decreasing emissive rates, 
increasing the quantum yields of low quantum yield 
chromophores, decreasing the lifetimes, and directing 
the typically isotropic emission in specific directions. 
These effects are not due to reflection of the emitted 
photons, but rather as the result of the fluorophore 
dipole interacting with free electrons in the metal. 
These interactions change the intensity and temporal 
and spatial distribution of the radiation. We describe 
the unusual effects expected from increases in the 
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radiative rates with reference 
sic biochemical fluorophores 

creased lifetime can result in jan effective increase in 
photostability. Proximity to njearby metallic surfaces 
can also increase the local field and modify the rate of 
excitation. We predict that tAe appropriate locaiiza 
tion of fluorophores near particles can result in use- 
fully high emission from "nonfluorescent" molecules 
and million-fold increases in |the number of photons 
observable from each fluorophore. We also describe 
how RDE can be applied to medical testing and bio- 
technology. As one example we predict that nearby 
metal surfaces can be used tojincrease the low intrin- 
sic quantum yields of nucleic acids and make unla- 
beled DNA detectable usmg its intrinsic metal-en- 
hanced fluorescence. © 2001 Academic Press 
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Fluorescence spectroscopy 
tools used for biochemical research and has become the 
dominant method enabling the revolution in DNA se- 
quencing and genomics. The basic principles of fluores- 
cence are well understood,; including factors which af- 
fect the emission, such as quenching, environmental 
effects, resonance energy , transfer (RET), 1 and rota- 
tional motions. All these effects are used to study the 
structure and dynamics of nfiacromolecules and the 
interactions of macromolecules with each other. For 
example, quenching can revea ! l the exposure of fluoro- 
phores to the solvent or to other nearby quenching 
groups within the same macromolecule. RET reveals 



' Abbreviations used: AFM atomic force microscope; iVIEF. metal- 
enhanced fluorescence; RDE. radiative decay engineering; RET, res- 
onance energy transfer; SEP. surface^enhanced fluorescence; SERS, 
surface-enhanced Raman spectroscopy; SNOM, scanning near-field 
microscopy; SPR. surface plasmon resonance; TIRE, total internal 
reflection fluorescence. ! 
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proximity between donors and acceptors located at re- 
gions of interest on the inacromolecule(s), and anisot- 
ropy decays reveal the internal dynamics and segmen- 
tal motions of proteins and membranes. Measurements 
of intensity, energy transfer, and anisotropy are also 
widely used in measurements of DNA hybridization, 
drug discovery, and fluorescence immunoassays. 

In most applications of fluorescence the spectral 
properties of the fluorophore are altered by rate pro- 
cesses which modify the nonradiative decay rates of the 
excited state population. Both collisional quenching 
and energy transfer provide nonradiative pathways to 
the ground state. Quenching and RET have no signif- 
icant effect on the rate of radiative decay, that is, the 
spontaneous rate at which fluorophores emit photons. 
The emissive rate of a fluorophore in free space is 
determined mostly by the excitation coefficient and 
absorption spectrum of the fluorophore (1). By free 
space we mean a homogeneous, nonconducting me- 
dium. However, an opportunity to control the radiative 
rates arises from the interactions of fluorophores with 
nearby metallic surfaces or particles. By metallic sur- 
face we mean conducting metals, not metal ions or 
oxides. An ability to modify the radiative decay rate 
can have profound implications for the use of fluores- 
cence in basic research and technology applications. 
This effect is unusual and the implications of increas- 
ing the radiative rates for fluorescence have not been 
considered. 

This Review describes the unusual spectral proper- 
ties and opportunities available if one can increase the 
radiative decay rates. We refer to control of the radia- 
tive rates as radiative decay engineering (RDE) be- 
cause an increase in the radiative decay rate is perhaps 
the most unusual effect of a metallic surface. However, 
metallic surfaces and particles can also concentrate the 
incident light field and alter the rate of excitation. We 
first describe the spectral changes expected if the ra- 
diative rate can be modified. We then briefly summa- 
rize the results from the physics literature using the 
most informative theoretical and experimental results 
on the effects of metal surfaces on fluorophores. We 
then describe how RDE can be applied to biochemical 
fluorescence and how RDE can be used in biomedical 
applications such as diagnostics and genomics. 

The use of metal surfaces to manipulate the spectral 
properties of fluorophores is in its infancy. These phe- 
nomena have not been collectively explained within the 
framework of fluorescence spectroscopy. The viewpoint 
of biological fluorescence allows us to anticipate the 
enormous potential of RDE in biophysics, cell imaging, 
and diagnostics. Progress in the understanding and 
applications of RDE will require interdisciplinary ef- 
forts between physicists, engineers, chemists, and bi- 
ologists. It will be necessary to design and construct 
appropriate nanoscale or mesoscale devices, and to in- 



terpret the complex spectral observations. It seems 
unlikely that any one individual or laboratory could 
accomplish all but a small fraction of the opportunities 
provided by RDE. For this reason we hope to stimulate 
further work in this field by describing our concept of 
radiative decay engineering and hopefully to stimulate 
further work in this field. In our opinion, RDE can 
result in profound changes in how we think about 
fluorescence and its many applications. 

RADIATIVE DECAY ENGINEERING 

Prior to describing the unusual effects of metal sur- 
faces on fluorescence it is valuable to describe what we 
mean by RDE and in particular spectral changes ex- 
pected for increased radiative decay rates. Spectrosco- 
pists are accustomed to performing experiments using 
5- to 10-A-sized fluorophores in macroscopic solutions. 
Typically the solutions are transparent to the emitted 
radiation. There may be modest changes in refractive 
index, such as for a fluorophore in a membrane, but 
such changes have only a minor effect on the fluores- 
cence spectral properties. In such nearly homogeneous 
solution, the fluorophores emit into free space and are 
observed in the far field. Local effects are not usually 
observed because of the small size of fluorophores rel- 
ative to the experimental chamber. The spectral prop- 
erties are well described by Maxwells equations for an 
oscillating dipole radiating into free space. However, 
the interactions of electromagnetic radiation with 
physical objects can be considerably more complex. On 
a macroscopic scale the size and shape of radio anten- 
nae transmissions are designed with the goal of direct- 
ing the radiation toward the receiver, and to take into 
account the interactions of the radiation with nearby 
objects such as the earth's surface. 

For clarity we note that we are not considering re- 
flection of the emitted photons from the metal surfaces. 
Reflection occurs after emission has occurred. We are 
considering the effects of the nearby surface on altering 
the "free space" condition, and modifying Maxwells 
equation from their free space counterparts (2, 3). Like 
a radiating antenna, a fluorophore is an oscillating 
dipole, but one which oscillates at high frequency and 
radiates short wavelengths. Nearby metal surfaces can 
respond to the oscillating dipole and modify the rate of 
emission and the spatial distribution of the radiated 
energy. The electric field felt by a fluorophore is af- 
fected by interactions of the incident light with the 
nearby metal surface and also by interaction of the 
fluorophore oscillating dipole with the metal surface. 
Additionally, the fluorophore-oscillating dipole induces 
a field in the metal. These interactions can increase or 
decrease the field incident on the fluorophore and in- 
crease or decrease the radiative decay rate. These ef- 
fects are sometimes described in terms of the photonic 
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mode density. A large mode density provides more 
radiative decay pathways and larger radiative decay 
rates. As one may imagine the theory for such effects is 
complex. We will describe these effects in an intuitive 
manner with minimal use of theory. 

Much of our knowledge and intuition about optical 
spectroscopy is based on measurements in fluorophores 
which radiate into free space. However, there are sev- 
eral important exceptions to the free space condition 
which result in dramatic spectral changes in different 
areas of spectroscopy. One well-known example is sur- 
face-enhanced Raman scattering (SERS) (4-9). It is 
known that the presence of a metal surface close to the 
chromophore can enhance the Raman signal by factors 
of 10 3 to 10 5 . These enhancements are large enough to 
allow detection of the Raman signal of a single mole- 
cule (10) and even a single DNA base (11). The pres- 
ence of a nearby metal semitransparent film can result 
in quenching of fluorescence. Another example is in 
microscopy and total internal reflection fluorescence 
(TIRF). The emission of fluorophores within 50 A of a 
thin metal surface is almost completely quenched. This 
effect has been used in fluorescence microscopy with 
evanescent wave excitation (12). In optical microscopy 
with TIRF the metal film quenches the emission from 
the membranous cellular regions near the quartz-, 
water interface and allows selective observation of the 
emission from the cytoplasmic regions more distant 
from the liquid-water interface. 

In addition to quenching metal surfaces or particles 
can cause increases in fluorescence. Depending upon 
the distance and geometry, metal surfaces or particles 
can result in quenching of fluorescence or enhance- 
ment of fluorescence by factors of up to 1000 (13-15). 
The effects of metallic surfaces on fluorophores are due 
to at least three mechanisms. One is energy transfer 
quenching to these metals with a d 3 dependence (14). 
The quenching can be understood by damping of the 
dipole oscillators by the nearby metal. A second mech- 
anism is an increase in intensity due to the metal 
amplifying the incident field, which has been seen for 
metal colloids (15-17). The enhancement can be under- 
stood as due to the metal particles on concentrating the 
local excitation intensity. These effects of quenching 
and enhancing the local fields are important. However, 
another more important effect of metal surfaces and 
particles is possible. 

In our opinion a remarkable opportunity for advanc- 
ing fluorescence technology is available from a less 
known fluorophore-metal interaction. This effect is 
that the nearby metal can increase the intrinsic radi- 
ative decay rate of the fluorophore. This is a highly 
unusual effect In fluorescence spectroscopy we usually 
have no significant control over the radiative rate (F). 
The spectral observables of quantum yields and life- 
times are governed by the magnitudes of the radiative 
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FIG. 1. Jablonski diagram without (top) and with (bottom) the 
effects of near metal surfaces. For distances over 50 A the effect of 
quenching by the metal {kj is expected to be minimal. 



rate T and the sum of the nonradiative decay rates 
(7c nr ). To understand the value of controlling the radi- 
ative decay rate (T) it is informative to consider how 
this rate affects the quantum yield Q 0 and lifetime t 0 of 
a fluorophore in the absence of a metal surface. Con- 
sider the Jablonski diagram in Fig. 1 (top). The quan- 
tum yield of the fluorophore in the absence of other 
quenching interactions is given by 



g 0 = r/(r + k nr ). 



The natural lifetime of a fluorophore (t n ) is the inverse 
of the radiative decay rate (t n = F~ J ) or the lifetime 
which would be observed if their quantum yield were 
unity or equivalently if k nr = 0. The quantum yield is 
the fraction of the excited fluorophores which decay by 
emission (T) relative to the total decay (T + k nr ), and 
thus by the ratio in Eq. [1]. Fluorophores with high 
radiative rates have high quantum yields and short 
lifetimes. The radiative rate is determined by the os- 
cillator strength (extinction coefficient) of the elec- 
tronic transition (1). The extinction coefficients of chro- 
mophores are only slightly dependent on their 
environment. The radiative decay rate is essentially 
constant for any given fluorophore. Hence, the quan- 
tum yield can only be increased by decreasing the 
nonradiative rate A ari which usually occurs at lower 
temperatures. The lifetime of a fluorophore is deter- 
mined by the sum of the rates which depopulate the 
excited state. In the absence of other quenching inter- 
actions the lifetime is given by 



T 0 = (r + A nr ) 



[2] 



The lifetime of a fluorophore can be increased or de- 
creased by changing the value of k nc . Almost invari- 
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ably, the lifetimes and quantum yields increase or de- 
crease together. 

Most fluorescence experiments involve changing the 
rates of nonradiative decay. For instance, collisional 
quenching with a biornolecular rate constant A q de- 
creases the quantum yield and lifetime according to 



[3] 



where [Qu] is the quencher concentration. The lifetime 
of the quenched fluorophore is decreased by the addi- 
tional nonradiative path to the ground state with a rate 



K [Qu] 



r= (f + A„ r + kJQu]) 



14] 



Similarly, resonance energy transfer (RET) results in 
an additional rate process which depopulates the ex- 
cited state 



to \ r , 



[5] 



The decay time in the presence of energy transfer is 
given by 



T=(r + /r nr + * T )" 



[6] 



Both quenching and RET decrease the quantum yield 
and lifetime of the fluorophore. The radiative rate T is 
not changed by these processes. 

The absolute and relative brightness of a fluorophore 
are dependent on the values of the radiative and non- 
radiative decay rates. For instance, the radiative decay 
rates of the nucleic acid bases are comparable to those 
of typical fluorescent probes. However, the emission is 
very weak {Q D < 10~ 4 ) and the lifetimes very short 
(~10 ps) because of the high rates of nonradiative 
decay (-10" s" 1 ) (Eq. [1]) (18, 19). Similarly, the quan- 
tum yields for phosphorescence are usually very low 
because the radiative decay rates are slow compared to 
typical nonradiative rates and quenching processes 
(20). For example, phosphorescence of proteins is usu- 
ally not observable without rigorous exclusion of oxy- 
gen (21, 22). In general there is no way to control the 
lifetime or quantum yield of a fluorophore other than 
by altering the values of /c nr , k q [Q], or k T . 

The concept of modifying the radiative decay rate is 
unfamiliar to fluorescence spectroscopy. It is informa- 
tive to consider the novel spectral effects expected by 
increasing the radiative rate. Assume the presence of a 
nearby metal (m) surface increases the radiative rate 
by addition of a new rate T m (Fig. 1, bottom). For the 
present discussion we will not consider the quenching 
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FIG. 2. Effect of an increase in the metal-induced radiative rate on 
the lifetime and quantum yields of fluorophores. To clarify this figure 
we note that for Q = 0.5, T = 5 x 107s and A Mr = 5 X 10 7 s. For Q = 
0.1. T = 1 x 10 ? s and k ttr = 9 x 10 7 s. 



effects of the metal (k m ). In this case the quantum yield 
and lifetime of the fluorophore near the metal surface 
are given by 



r + r n 



r + r m + k a 



T ni = (r + r m + k ar ). 



[7] 



[81 



These equations result in unusual predictions for a 
fluorophore near a metal surface. As the value of F m 
increases, the quantum yield increases while the life- 
time decreases. To illustrate this point we calculated 
the lifetime and quantum yield for fluorophores with 
an assumed natural lifetime r N = 10 ns, T = 10 8 s" 1 and 
various values for the nonradiative decay rates and 
quantum yields. The values of k nr varied from 0 to 
9.9 x 10 7 s~\ resulting in quantum yields from 1.0 to 
0.01. Suppose the metal results in increasing values of 
T m . Since T m is a rate process returning the fluorophore 
to the ground state, the lifetime decreases as T m be- 
comes comparable and larger than T (Fig. 2, top). This 
is a typical result, similar to that which occurs for 
increasing amounts of collisional quenching (Fig. 3, 
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FIG. 3. Comparison of Stern-Volmer plots for collisional quench- 
ing and colloids which enhance V ltr 



top). However, an unusual effect is expected for the 
quantum yield. As T m increases, the quantum yield 
increases (Fig. 2, bottom). The most dramatic relative 
changes are found for fluorophores with the lowest 
quantum yields. If Q = 1.0, then changing T m has no 
effect. If Q is low, such as 0.1 in Fig. 2, the metal- 
induced rate T in increases the quantum yield. At- suffi- 
ciently high values of r mi the quantum yields of all 
fluorophores approach 1.0. Examination of Fig. 2 re- 
veals that larger values of r m /r are required to change 
the lifetime or quantum yield of low quantum yield 
fluorophores. This effect occurs because, for the same 
unquenched lifetime t 0 , lower quantum yields imply 
larger values of k ac . Larger values of T m are required to 
compete with the larger values of k M . 

It is informative to compare the effects of increasing 
values of T m with increasing amounts of quenching. 
Figure 3 shows this comparison in terms of the Stern- 
Volmer plots. The effects of the rate T m are dramati- 
cally different from the effects of the rate-collisional 
quenching /c q [Qu]. In the case of collisional quenching 
both the lifetimes and quantum yields decrease (Fig. 
3). The effects of metallic colloids which increase T m are 
dramatically different. In this case the lifetimes de- 
crease but the quantum yields increase. We note that 
the colloid "Stern-Volmer plots" are not necessarily 
linear and are only meant to illustrate the different 
effects of colloids and quenchers. 

The increases in quantum yields which can occur 
near metal surfaces are different from the typical in- 
crease in quantum yield which occurs when a solvent- 
sensitive fluorophore like ANS is dissolved in a low 
polarity solvent or binds to a protein (23, 24). In these 
cases the quantum yield increases because of a de- 
crease in the nonradiative decay rate k nr (Eq. [1]). 



REVIEW OF METALLIC SURFACE EFFECTS ON 
FLUORESCENCE 

A moderately extensive physics literature on the ef- 
fects of metals on fluorophores exists. In this section we 
provide a selected summary of those results which we 
feel demonstrate the types of effects which have been 
observed. Many of these studies use metal islands, 
metal colloids, metal surfaces, or mirrors. More dra- 
matic effects have been found for islands and colloids 
rather than for continuous metallic surfaces. 

The possibility of altering the radiative decay rates 
was demonstrated by measurements of the decay times 
of europium (Eu 3 ^) complex positioned at various dis- 
tances from a planar silver mirror (25-28). In a mirror 
the metal layer is thicker than the optical wavelength. 
The lifetimes oscillate with distance but remain a sin- 
gle exponential at each distance (Fig. 4). This effect can 
be explained by changes in the phase of the reflected 
field with distance and the effects of this reflected field 
on the fluorophore. A decrease in lifetime is found 
when the reflected field is in-phase with the fluoro- 
phore s oscillating dipole. An increase in the lifetime is 
found if the reflected field is out-of-phase with the 
oscillating dipole. As the distance increases, the ampli- 
tude of the oscillations decreases. The effects of a plane 
mirror occur over distances comparable to the excita- 
tion and emission wavelengths. At short distances be- 
low 20 nm the emission is quenched. This effect is due 
to coupling of the dipole to oscillating surface changes 
on the surface of the metal, which are called surface 
plasmons resonances (SPR). Even more remarkable is 
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FIG. 4. Lifetime of Eu 3+ ions in front of a Ag mirror as a function 
of separation between the Eu :,+ ions and the mirror. The solid curve 
is a theoretical fit. 
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FIG, 5. Fluorescence decay of Eu(ETA) 3 on silver-island films. Eu 3+ 
was complexed with thenolylrinuoroacetonaie (ETA). 

the behavior of excited states between two perfect pla- 
nar mirrors. If the distance between the mirrors is less 
than A/2, then the excited state does not decay (29); 
that is, the lifetime becomes infinite. Since there are no 
perfect mirrors, and since it will be necessary to trans- 
mit light into and out of the space between the mirrors, 
the experimental lifetimes will be finite. However, we 
expect significant increases in the decay times with 
this moderately simple geometric configuration. 

The effects of metallic surfaces on optical spectra are 
strongly dependent on the nature of the metal surface 
and/or metal particles. In most cases more dramatic 
effects are observed for metal colloids than planar mir- 
rored surfaces. For example, Raman signals are re- 
markably enhanced by metal colloids or islands (30, 
31), which has resulted in the field of SERS. Silver 
island films are made by depositing silver on a glass 
substrate. Under suitable conditions the glass becomes 
covered with approximate circular islands about 200 A 
in diameter. About 40% of the surface is covered by the 
silver. If the silver were uniformly distributed, the 
mass thickness is typically near 40 A. Silver island 
films are distinct from sem transparent metallic sur- 
faces. These continuous surfaces are obtained at higher 
mass thicknesses, but for thickness less than optical 
wavelengths. 

One of the most dramatic effects of silver islands on 
fluorescence is shown in Fig. 5. Silver islands were 
coated with a thin film of Eu (ETA) 3 , where ETA is a 
ligand which chelates europium. This chelate dis- 
played a quantum yield near 0.4. The sample contained 
an inert coating between the islands so Eu 3+ chelates 
positioned between the islands were not emissive. 
When the Eu (ETA) 3 chelate was deposited on the silica 
substrate, without the silver islands, it displayed a 
single exponential decay time of 280 /xs and a quantum 
yield near 0.4. However, when deposited on silver is- 
land films, the intensity increases about 5-fold and the 
lifetime decreases by about 100-fold to near 2 jas (Fig. 
5). Also, the decay is no longer a single exponential on 
the silver island films (32). The silver islands had the 



remarkable effect of increasing the intensity 5-fold 
while decreasing the lifetime 100-fold. Such an effect 
can only be explained by a increase in the radiative 
rate. 

The fivefold increase in the quantum yield of Eu 
(ETA) 3 results in an apparent quantum yield of 2.0, 
which is obviously impossible. This high quantum yield 
is probably due to an increase in the local excitation 
field near the metal particle. For this reason, it is 
important to recognize the intensities measured on 
surfaces represent "apparent" quantum yields which 
can include an unknown factor due to incident field 
enhancement. This increase in the local intensity of the 
incident light cannot explain the decreased lifetime 
because an unperturbed Eu 3+ chelate, excited by an 
enhanced field, would still decay with a 280-/xs life- 
time. According to the authors (32) the decreased life- 
time is due to electromagnetic coupling between the 
Eu 3+ and the silver islands. 

Another example of the effects of metal islands on 
lifetimes is shown in Fig. 6 (33, 34). Rhodamine 6G and 
erythrosin were dip-coated onto silver island films with 
a 40-A mass thickness. The lifetimes of both fluoro- 
phores were dramatically decreased by the islands, as 
can be seen by comparing the top and middle rows of 
Fig. 6. The effects of the islands depended on the sur- 
face density of the fluorophores. There were only mod- 
erate changes in the intensity induced by the islands. 
RG6 was quenched about 10-fold by the islands. If a 
fluorophore already has a quantum yield near unity, a 
metal surface cannot make the quantum yield exceed 
unity (Fig. 2). In such cases the dominant effect is 
quenching by the metal surface. In contrast, the 
erythrosin emission was slightly increased. This en- 
hancement is the result of an increase in the radiative 
decay rate of erythrosin which increases the quantum 
yield and decreases the lifetime (middle right). These 
results are those expected for an increase in the radi- 
ative rate of high and low quantum yield fluorophores. 
The lower panels in Fig. 2 show the concentration 
quenching of R6G and erythrosin in the absence and 
presence of silver islands. It is important to note that 
the emission of both fluorophores is less prone to con- 
centration quenching in the presence of the islands. 
This result is consistent with an increased radiative 
rate being competitive with intermolecular quenching. 
This result suggests that proximity to metal surfaces 
can be used to overcome quenching effects on fluoro- 
phores. It is important to recognize that this reversal of 
quenching is a through-space phenomenon and would 
not require any chemical modifications of the sample. 

THEORY FOR FLUOROPHO RE-METAL INTERACTIONS 

Prior to describing the origin of these effects of met- 
als, it is useful to review the optical properties of metal 
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FIG. 6. Intensity decays of rhodamine 6G and erythrosin on pure 
glass or silver islands. The lower panel shows how the intensity per 
molecule and lifetime depends on the surface density of the fluoro- 
phore. 



colloids and islands. Metal colloids have been used for 
centuries to make some colored glasses (35). The origin 
of the color as due to metallic colloids was first recog- 
nized by Faraday in 1857 (36). Typical absorption spec- 
tra of gold and silver colloids are shown in Figs. 7-9. 
The long wavelength absorption is called the surface 
pJasmon absorption, which is due to electron oscilla- 
tions on the metal surface. These spectra can be calcu- 
lated for the small particle limit (r < A) from the 
complex dielectric constant of the metal (37, 38). 
Larger particles display longer wavelength absorption 
(Fig. 7). The absorption spectra are also dependent oh 
the shape of the particles, with prolate spheroids dis- 
playing longer absorption wavelengths (Figs. 8 and 9). 
Most studies of surface effects on fluorescence have 
been performed using silver particles (Fig. 9) to avoid 
the longer wavelength absorption of gold. 

There are several interactions between fluorophores 
and metallic surfaces (39-44). These effects are shown 
schematically in Fig. 10, and include quenching, en- 
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FIG. 7. Absorption spectra of gold colloidal spheres. 

hancement of the strength of the incident light field, 
and an increase in the radiative decay rate of the 
fluorophore. Quenching occurs by Forster transfer to 
the surface plasmon absorption of the metal. This ef- 
fect decreases with the cube of the distance (d) be- 
tween the metal surface and the fluorophore (tT 3 ) (14). 
The quenching interaction is also described as an 
ohmic interaction which dissipates the energy. In ad- 
dition to quenching there are two effects which deter- 
mine the apparent quantum yield Y, 
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FIG. 9. Calculated absorption cross section for a silver sphere in 
water {— ) and for prolate spheroids with axial ratios of 2.0 and 3.0 in 
the small particle limit. 

The first term describes the local intensity. The local 
field is proportional to the incident field (E 0 ) which can 
be concentrated in regions near the metal particles. 
The term "apparent quantum yield" refers to the inten- 
sity of the samples, relative to the control sample, 
measur ed with the same intensity of the incident light. 
Because of this change in the incident field strength 
due to the metal particles, it is necessary to distinguish 
between the apparent (Y) and real quantum yield ((?). 
This distinction of the apparent field ( Y) from the true 
quantum yield (Q) is not needed in the absence of 
metals because the field felt by the fluorophore is al- 
ways the same for the sample and the reference. How- 
ever, the metal particles concentrate the local fields. 
This effect has been modeled for ellipsoidal particles 
and the maximum enhancement in the magnitude of 
the local field is about 140 (41). The first term in Eq. [9] 
is proportional to the product of the quantum yield 
without metal and the amplification of the incident 
field. Since the light intensity is proportional to the 
square of the field, metal particles can result in greatly 
enhanced local excitation intensities. 

The second term Z(o> em ) describes the partition of 
energy into the radiative and nonradiative decay path- 
ways, as modified by the metal particles. In the ab- 
sence of metal this quantum yield is given by Eq. [1]. 
The quantum yield in the presence of the metal is given 
by Eq. [7]. The presence of a metal surface results in an 
increase in the radiative decay rate. Hence, the quan- 
tum yield increases. At present, the precise form of Eq. 
[7] is not clear. It is clear that the metal results in an 
increased radiative rate. However, we are not certain if 
the rate is additive (Eq. [7]), or if the metal-induced 
radiation is proportional to the intrinsic radiative rate. 
In this case f ni = yf, so the equation becomes 



where yT is a metal-induced radiative decay rate pro- 
portional to the intrinsic radiative rate f\ In either 
event the enhanced field and increased radiative rates 
occur at longer distances from the metal than quench- 
ing. Hence, there exists a region 50-200 A from the 
metal surfaces were the emission is enhanced (Fig. 10). 

It is interesting to consider how a metal surface 
affects fluorophores with high and low intrinsic quan- 
tum yields (Q 0 ). There are two limiting cases. If the 
dye has a high quantum yield (Q 0 -> 1), then the 
additional radiative decay rate cannot substantially 
increase the quantum yield. In this case energy trans- 
fer quenching to the metal will dominate and Z(a> e(n ) 
will be less than one. The more interesting case is fol- 
low quantum yield chromophores. We use the term 
chromophores because the molecule can be weakly or 
nonfluorescent. In this case Z(*) em ) can be as large as 
l/(?o (44). For this reason it is of interest to study 
fluorophore-metal interactions with low quantum 
yield fluorophores. While the actual mechanism is com- 
plex, one can imagine that the particles serve as an 
antenna, which, in combination with the chromophore, 
radiate faster than A nr . This suggests that the emission 
from weakly fluorescent substances can. be increased if 
they are positioned at an appropriate distance from a 
metal surface or colloid. 

The value of chromophore-metal interactions in op- 
tical spectroscopy was demonstrated by SERS, in 
which the Raman lines are dramatically increased by 
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FIG. 10. Effects of a metallic particle on transitions of a fluoro- 
phore. Metallic particles can cause quenching (A- (ir ), can concentrate 
the incident light field (EJ. and can increase the radiative decay 
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FIG. 11. Fluorophore near a metallic spheroid. 



the metal surface. The value of this enhancement is 
seen from recent reports of DNA detection using SERS, 
without the resonance effect (44-47). The enhance- 
ment is so significant that single fluorophores and sin- 
gle nucleotides have been detected by SERS (10, 11). 
Additionally, the enhancement may be due to a small 
fraction of the particles which display enhancements of 
up to 10 15 (48, 49). SERS requires molecular contact 
between the surface and the molecule. It seems prob- 
able that such "hot" particles will also be found for 
surface-enhanced fluorescence. Furthermore, it seems 
probable that metal-enhanced fluorescence (MEF) will 
develop into a field analogous to SERS. We note that 
the term 'surface-enhanced fluorescence" (SEF) usu- 
ally refers to the incident field concentration effect, and 
riot to modification of the radiative decay rates of flu- 
orophores. 

Theory for Metallic Particles-Fluorophore 
Interactions 

Several groups have considered the effects of metal- 
lic spheroids on the spectra] properties of nearby flu- 
orophores (39-43). A typical model is shown in Fig. 1 1 , 
for a prolate spheroid with an aspect ratio of alb. The 
particle is assumed to be a metallic ellipsoid with a 
fluorophore positioned near the particle. The fluoro- 
phore is located outside the particle at a distance r 
from the center of the spheroid and a distance d from 
the surface. The fluorophore is located on the major 
axis and can be oriented parallel or perpendicular to 
the metallic surface. 

The presence of a metallic particle can have dramatic 
effects on the radiative decay rate of a nearby fluoro- 
phore. Figure 12 shows the radiative rates expected for 
a fluorophore at various distances from the surface of a 
silver particle and for different orientations of the flu- 
orophore transition moment. The most remarkable ef- 
fect is for a fluorophore perpendicular to the surface of 
a spheroid with alb = 1.75. In this case the radiative 
rate can be enhanced by a factor of 1000-fold or greater. 
The effect is much smaller for a sphere {alb = 1.0), 
and much smaller for a more elongated spheroid {alb = 
3.0) when the optical transition is not in resonance 



with the particle. In this case the radiative decay rate 
can be decreased by over 100-fold. If the fluorophore 
displays a high quantum yield or a small value or A nr , 
this effect could result in 100-fold longer lifetimes. The 
magnitude of these effects depends on the location of 
the fluorophore around the particle and the orientation 
of its dipole moment relative to the metallic surface. 
The dominant effect of the perpendicular orientation is 
thought to be due to an enhancement of the local field 
along the long axis along the particle. 

The transition dipole-surface orientation can result 
in unusual effects. This is illustrated in Fig. 13, which 
shows the expected decay rates of a fluorophore near a 
solid silver surface (27). The decay depends on orien- 
tation relative to the surface. In the parallel orienta- 
tion the dipole in the metal cancels the dipole in the 
fluorophore, which slows the decay. In the perpendic- 
ular orientation the fluorophores dipole and the dipole 
in the metal are synergistic and increase the decay 
rate. This effect of orientation results in an unusual 
possibility. In almost all known cases the anisotropy 
decay of a fluorophore represents motions of the fluoro- 
phore and is independent of the intensity decay. For a 
fluorophore near a plane metal surface (Fig. 13) or a 
metal particle (Fig. 12), the intensity decay will be 
coupled to the anisotropy decay. For instance, a fluoro- 
phore oriented mostly perpendicular to the surface of a 
particle will decay 1000-fold faster if it can rotate 
rather than remain stationary. 
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FIG. 12. Effect of a metallic spheroid on the radiative decay rate of 
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FIG. 13. Effect of fluorophore orientation on the decay rate of a 
fluorophore near a metallic surface. 
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FIG. 14. Sample configurations: top, rhodarnine B on a glass slide; 
middle, slide with a 200-nm-thick layer of silver and a LiF dielectric 
spacer; bottom, the metallic layer is periodic with d = 300 nm due 
to a layer of photoresist. 



Spatial Distribution of Emission Near Metal Surfaces 

In a typical cuvette experiment the fluorophores ra- 
diate into free space. The emission from a randomly 
oriented population is isotropic in all directions. Even 
for oriented fluorophores, or for an isotropic solution 
excited with polarized light, the emission is nearly 
isotropic. As a result the sensitivity of fluorescence 
detection is limited by the small solid angle of light 
collection possible with detectors of practical size. Ra- 
diative decay engineering offers the possibility of di- 
recting the emission in specific directions, which may 
be toward the detector. Suppose the metallic surface 
has a periodic structure with a distance of 300 nm 
between peaks (Fig. 14). The surface is completely cov- 
ered with silver; that is, there are no islands. The 
fluorophore was positioned above this surface with an 
inert spacer (50). For such a sample the intensity var- 
ies with the distance of the fluorophore above the sam- 
ple (Fig. 15). Hence a fluorophore can be made fluores- 
cent or nonfluorescent depending upon its distance 
from the periodic surface. It is also known that the 
lifetime of a fluorophore varies with distance above a 
periodic surface (51). Remarkably, the radiation was 
directed into small angular distributions, in one case 
with over 90% of the radiation found at two angles 
±15 °from the normal (Fig. 16). This effect is not due to 
reflection of the emitted photons, but rather to the 
interactions of the oscillation dipole and the oscilla- 
tions electron in the metal, and their directed radiation 
into the space over the metal. 

There is a second method for obtaining directional 
emission. This occurs when fluorophores are deposited 



directly, with no inert spacer, onto silver grating. In 
this case energy from the fluorophores is transferred 
into the metal and radiated by surface plasmon polar- 
itrons (28, 52, 53). This remarkable result suggests the 
design of high-sensitivity nanoscale sample chambers 
which direct the emission into the detector. 

To summarize this section, nearby metal surfaces 
can increase radiative decay rates, increase quantum 
yields, decrease lifetimes, and concentrate the emis- 
sion into small angular distributions. The successful 
use of these effects can have profound implications 
resulting in a wide variety of novel fluorescence meth- 
ods. 
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FIG. 16. Directional emission from fluorophores near a plane (top) 
or periodic surface (bottom). The lower panel is for the TE-polarized 
emission. In the absence of a metal surface the emission is essen- 
tially isotropic (top). Note that the scales are different for the middle 
and lower panels. 



Comparison of Surface-Enhanced Fluorescence and 
Surface-Enhanced Raman Scattering 

While SERS also depends on metal particles or a 
rough metal surface, it seems that there are different 
phenomena, at least in part. Surface-enhanced fluores- 
cence and SERS show different dependencies on the 
distance to the surface. The enhancement of Raman 
scatter and fluorescence by metal colloids is illustrated 
in Fig. 17 (15). Silver colloids were prepared in suspen- 
sion by known procedures. The particles were reacted 
with a glass surface which had been derivativized to 
contain sulfhydryl groups. This colloidal metal film 
was then covered with one or more layers of octadeca- 
noic acid (ODA) as a Langmuir-Blodgett film. Each 
layer of ODA was thought to be 25 A thick. A fluores- 
cein-labeled lipid Fl-DPPE was positioned in the layer 
immediately adjacent to a silver-colloidal film line (line 
1) and in layers more distant from the metal (lines 
2-4). In the absence of metal on the bare glass slide 
there is little detectable emission (Fig. 17, line 5). 
When Fl-DPPE is immediately adjacent to the metal, 
the emission is enhanced, as are the Raman peaks (line 
1). When Fl-DPPE is present in the more distant lay- 
ers, the emission is still enhanced, but the shorter 
range SERS effect is no longer present. It appears that 



SERS requires molecular contact of the fluorophore 
with the metal particles. The fluorescence enhance- 
ment occurs at larger distances from the metal, up to 
100 A (curves 2 to 5), The lifetimes were not measured, 
so it is not known what proportion of the enhancement 
is due to the factors L{<o vx ) and Z(to VH ) in Eq. [9]. That 
is, the enhanced emission from Fl-DPPE could have 
been due to either an enhanced electric field due to the 
metal particles, increased radiative decay rates, or 
both. Since fluorescein has a moderately high quantum 
yield it is likely that the increased intensity was due to 
the increased local incident field. 

Another possibility of RDE is to obtain usefully high 
emission from essentially nonfluorescent molecules. In 
a nonfluorescent molecule the nonradiative decay rates 
are typically much larger than the radiative rate, that 
is k nT T. To obtain a usefully high quantum yield the 
total radiative rate T + F in needs to become comparable 
to k nr . This possibility is shown in Fig. 18 (54). Basic 
Fuchsin is a dye with a low quantum yield near 0.02. 
The probe was maintained at various distances from 
the silver island film by layers of SiOx. The apparent 
quantum yield of basic Fuchsin increased by a factor of 
200 when positioned about 40 A over film of silver 
island (Fig. 18). The interaction between basic Fuchsin 
and the metal surface appeared to be completely opti- 
cal, with no known chemical interactions. The control 
measurements demonstrated that the effect was not 
due to a rigid environment for the probe. This result 
suggests that the quantum yield of any chromophore 
can be increased by placement at an appropriate dis- 
tance over silver particles. Figure 18 (left) shows the 
distance dependence of Raman scattering for the same 
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FIG. 17. Emission spectra of mixed monolayers of fluorescein- la- 
beled phospholipid (FIPPE)/phospholipid (DPPE) with mole ratio 1:3 
for different numbers of octadecanoic acid spacer layers (2.5 nm 
thick) on (I) mixed monolayer directly transferred on a colloidal film; 
(2) one spacer layer; (3) three spacer layers: (4) five spacer layers; and 
(5) mixed monolayer with three spacer layers on a bare glass slide. 
The dashed line represents the instrument background. The spectra 
were taken with 488.0-nm laser excitation. The inset shows the 
sample configuration. 
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FIG 18. Apparent yield Y* w vs thickness of SiOx spacer layer from 0.1 monolayers of basic Fuchsin on a 40-A Ag island film. The apparent 
yield is defined as the emission intensity relative to the intensity from molecules on an inert substrate, at constant incident power and for 
the same dye coverage. The filled circles are experimental data; the full lines show the results of calculations for the indicated ellipsoid 
dimensions. The chromophore basic Fuchsin is shown as an inset. The open circles in the left panel show the effect of distance on the Raman 
scattering intensity. This effect decreases more rapidly with distance than surface-enhanced fluorescence. 



chromophore. The Raman scattering decreases more 
rapidly than the surface enhanced fluorescence. 

BIOPHYSICAL APPLICATIONS OF RDE 

In the preceding sections we summarized the effects 
of metal surfaces and particles on fluorophores. These 
effects are highly dependent upon distance and the 
nature of the metal surface. At short fluorophore- 
metal distances the fluorophores are quenched. At ap- 
propriate distances near 50-200 A the radiative rates 
are increased. In addition to increased radiative rates, 
the fluorophores can also be exposed to higher local 
fields due to interactions of the metal or metal particles 
with the incident light. Finally, these effects are ex- 
pected to depend on the orientation of the oscillator 
dipole relative to the metal surfaces. These effects can 
be used in the biochemical and medical applications of 
fluorescence. However, the successful application radi- 
ative decay engineering will require considerable ef- 
forts in mesoscale and nanoscale fabrication, surface 
coating, and coupling of fluorophores and macromole- 
cules to the surfaces. Given the complexity of these 
efforts, and the need for interdisciplinary collabora- 
tions, we feel it is valuable to speculate about the 
potential applications of RDE. 

Effects of Metal Particles on Fluorophore 

Photostability and Detectability 

In single molecule detection and in fluorescence mi- 
croscopy the signal level is limited by photodecomposi- 
tion of the fluorophores (55-57). Typical fluorophores 
can undergo a finite number of exciting emission cycles 
prior to photobleaching or photochemical destruction. 



For photostable molecules like tetramethyl-rhoda- 
rnine, photodecom posit ion occurs after about 10 s cy- 
cles. Less stable fluorophores will degrade after fewer 
cycles. Even sensitive detection systems have an over- 
all detection efficiency near 1%. Hence, one can at most 
observe 10 3 from a fluorophore, and typically less (56). 
It would be valuable to know if fluorophore-metallic 
particles interactions can increase the detectability of 
single molecules. There are three effects to consider: 
quenching at short distances, an increase in the exci- 
tation field, and an increase in the radiative decay rate. 
These effects are shown top to bottom in Fig. 19. 

First we consider the effects of quenching when the 
fluorophores are close to the surface (<50 A) (Fig. 19, 
solid line, top left). Assuming there is no change in the 
emission rate (r ra = 0), the intensity of the fluorophores 
will be decreased near the surface (Fig. 19, top left). 
However, it is known that quenching by RET results in 
increased photostability because the molecules spend 
less time in the excited state and thus have fewer 
opportunities for photochemical reactions (58). In- 
creased photostability has also been observed on 
metal-island films (59). Since the lifetime of the fluoro- 
phores will be decreased (Fig. 19, top center), quench- 
ing by the surface is expected to result in increased 
stability and an increase in the number of excitation- 
deexcitation cycles prior to photodecomposition. While 
the quantum yield is reduced, the number of detected 
photons or detectability is expected to be about the 
same, as can be seen from the integrated area for 
continuous illumination (Fig. 19, upper right). 

Now consider the effect of a metal-induced concen- 
trations of the incident field felt by the fluorophore at 
the same illumination intensity (Fig. 19, middle panel). 
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FIG. 19. Effects of metals on the steady-state intensity, intensity 
decay, and photobleaching of a nearby fluorophore. From top to 
bottom the panels show quenching by the metal, the effect of an 
increased excitation field, and the effects of an increased radiative 
decay rate. The dashed lines indicate the absence of metal and the 
solid line indicates the presence of metal. 



This effect will result in an increased intensity when 
compared to the no-metal sample, both observed with 
the same incident intensity. The intensity will be 
higher for the same incident intensity (Fig. 19, middle 
right). However, the excited molecules will have the 
same radiative decay rate T and T m = 0. The lifetimes 
will remain the same. Since there is no quenching, we 
expect the same overall numbers of emitted photons 
until the fluorophore is destroyed, as seen from the 
integrated area with continuous illumination (middle 
right). One possible effect is that the sample may dis- 
play ground state depletion at lower incident intensity 
of the excitation light (Fig. 20, bottom). However, we 
have not found any reports of alterations in the rates of 
intersystem crossing or blinking due to metal surfaces. 
Such effects may occur, but to our knowledge have not 
been reported. 

The lower panels in Fig. 19 illustrate the effect of an 
increased radiative rate. In contrast to the previous 
two effects, an increase in the radiative decay rate is 
expected to result in dramatic increases in the number 
of photons observed from each fluorophore. An increase 
in the radiative rate will result in an increased inten- 
sity due to the increased quantum yield (Fig. 19, bot- 
tom). The lifetime will be shortened by the metal-in- 
duced increase in the radiative rate. Since the 
fluorophore will spend less time in the excited state for 
each cycle, the extent of photobleaching is expected to 
decrease. The combination of increased quantum yield 



and decreased photobleaching should result in a sub- 
stantially increased number of detected photons per 
fluorophore when the radiative rate is increased (lower 
right). 

It is informative to speculate on the potential in- 
creases in intensity resulting from metal surfaces and 
particles. These effects are shown in a qualitative man- 
ner in Fig. 20. A metallic ellipsoid with an appropriate 
size and shape can result in a 140-fold amplification of 
the local intensity (44). Since the intensity is propor- 
tional to the squared field strength, these effects can 
result in a lO^-fold or greater increase in the rate of 
excitation. This effect is shown as a larger intensity at 
a given illumination (Fig. 20, dotted line). In addition 
to enhanced excitation, location of the fluorophore at 
an appropriate distance from a metallic spheroid can 
result in an over 10 3 -fold increase in the radiative 
decay rate (Fig. 12). Hence, at the same illumination 
intensity, one can expect a 10 7 -fold increase in the 
intensity from appropriately localized fluorophores. 

While a 10 7 -fold enhancement is remarkable, it is 
possible that even larger enhancements can be found. 
The number of photons emitted by a single fluorophore 
is limited by its lifetime. As a rough estimate a fluoro- 
phore with a 10-ns lifetime can emit about 10 8 photons 
per second (55). This effect is illustrated in Fig. 20 
when the emission intensity remains constant for 
higher illumination intensities due to ground state de- 
pletion. Suppose now that the metal surface reduces 
the lifetime 100-fold from 10 ns to 100 ps. In this case 
the illumination intensity can be increased until the 
emission rate of each molecule is 10 10 photons per 
second. This effect can result in a further 100-fold 
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FIG. 20. Effect of illumination intensity on a fluorophore in free 
space and affected by a metal surface excited by the amplified inten- 
sity, or with an increased radiative decay rate. 
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increase in the instantaneous intensity, for an overall 
enhancement of 10 9 . Finally, an appropriately de- 
signed metal chamber may direct the emission toward 
a detector, which could result in an additional factor of 
10 or more. These known factors strongly suggest that 
the use of appropriate metal surfaces may result in 
increased ease of single molecule detection, or even 
visual detection of single fluorophores. 

Effects of Metal Particles on Quenching 

Collisional quenching occurs widely for biochemical 
fluorophores, and quenching is used to characterize 
biomolecules (60, 61). Quenching by exogenous 
quenchers like oxygen, iodide, and acrylamide is often 
used to measure local diffusion coefficients and the 
extent to which fluorophores are shielded from the 
solvent by the macromolecule. When collision occurs, 
both the quantum yield and lifetimes are reduced by 
the presence of an additional rate process which depop- 
ulates the excited state, with a rate k q [Qu] in Eqs. [3] 
and [4]. We have not found any reports on the effect of 
a metal surface on collisional quenching. It seems un- 
likely that metal surfaces would have any effect on 
kqlQu] except if the local quencher concentration is 
altered by the surface. 

Suppose a fluorophore is present in a solution con- 
taining quenchers, and that one measures the emission 
intensity at various distances from the metal particles. 
Recall that collisional quenching is described by the 
Stern-Volmer equation 

5= 1 + Kto[Qu], [11] 

where F 0 and Fare the intensities in the absence and 
presence of quencher, respectively, k q is the biomolec- 
ular quenching control, and t 0 is the unquenched life- 
time. This equation shows the well-known result that 
fluorophores with longer lifetimes are quenched more 
than those with shorter lifetimes. The intensity is ex- 
pected to increase closer to the surface due to the 
increased radiative rate that emission competes more 
effectively with quenching. Hence, emission from the 
quenched fluorophores will be observable near the 
metal particles. If desired, one can use high quencher 
concentrations to minimize the emission from all re- 
gions of the sample except those adjacent to the metal. 
Alternatively, suppose that the solution contains a sec- 
ond fluorophore which is not accessible to the 
quencher, or one which displays a high quantum yield. 
In this case an increase in the radiative decay rate will 
not result in increased intensity from this second flu- 
orophore. Thus the metal particles could be used to 
detect the quenched species by selective enhancement 
of its quantum yield. 
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FIG. 21. Effect of an increased radiative rate on a protein with two 
tryptophan residues, one of which has a low quantum yield. 

Biological molecules contain a number of intrinsic 
fluorophores. A substantial fraction of intrinsic fluoro- 
phores are quenched. As examples, we note that flavins 
and FAD are fluorescent in solution, but most flavopro- 
teins display little if any flavin emission (62-64). Ty- 
rosine is often quenched in proteins, and frequently 
tryptophan residues are quenched by nearby amino 
acid residues such as disulfide bonds, histidine, or phe- 
nylalanine side chains (65-67). Another well-known 
example is DNA, nucleotides, and the individual bases. 
While some intrinsic emission has been reported (68, 
69), the intrinsic fluorescence from the five common 
nucleic acid bases is very weak and has been of little 
practical usefulness. 

We believe surface effects may result from usefully 
intense emission from all these intrinsic fluorophores. 
Flavoproteins adjacent to metal surfaces may become 
fluorescent as the increased radiative rates become 
comparable in magnitude to the quenching rates. Sim- 
ilarly, quenched residues in proteins or DNA may dis- 
play useful emission if the radiative rates can be made 
comparable to the nonradiative decay rates. Since sig- 
nificant enhancements of fluorescent have been ob- 
served for basic fuchsin with its low quantum yield 
near 0.02, there is reason to expect similar results can 
be obtained for DNA. 

It is instructive to consider an example. Suppose a 
protein has two tryptophan residues. Assume that the 
surface exposed is strongly quenched by a local quench- 
ing interaction. In the absence of metal, emission will 
only be observed from the higher quantum yield resi- 
due emitting at shorter wavelengths (Fig. 21). When 
the protein is close to a metal particle, both residues 
will emit faster. However, the quantum yield of the 
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FIG. 22. Effect of an increased radiative decay rate on the emission 
spectra of a polarity-sensitive fluorophore. 

quenched residue will be increased to a greater extent 
(see Fig. 2). Hence, the spectral shape will change due 
to an increased in intensity at shorter wavelengths 
from the increased quantum yield of the quenched 
residue. 

Surface-enhanced radiative rates may also result in 
phosphorescence. Phosphorescence is usually not ob- 
servable in room temperature solutions due to quench- 
ing by even low concentration impurities, and because 
the slow emission rates cannot complete with the 
faster nonradiative decay rates (Eq. [1]). If the surface 
increases the radiative rate of a triplet state molecule, 
then the quantum yield for phosphorescence should 
increase. Additionally, the decreased phosphorescent 
lifetime should decrease the extent of quenching by 
oxygen and other quenchers. Protein phosphorescence 
may become a common observation for proteins near 
surfaces, even in the presence of oxygen. Alternatively, 
there may be a subclass of tryptophan residues which 
are on the verge of displaying phosphorescence which 
becomes readily observable near surfaces. 

Solvent Effects and Spectral Shifts 

Many fluorophores display large Stokes' shifts. In 
general, polar fluorophores in polar fluid solvent dis- 
play the largest Stokes' shifts. These spectral shifts are 
due to interactions of the excited state dipole moment 
of fluorophore with surrounding polar solvent mole- 
cules. The solvent must not be too viscous or glassy, in 
which case a blue-shifted emission is observed from 
fluorophores for which the solvent molecules have not 
yet reoriented. At intermediate viscosities the emission 
spectra depend on the lifetime. 

The extent of solvent or spectral relaxation depends 
on both the solvent relaxation time (t r ) and the fluo- 
rescence lifetime t. This can be seen from the expres- 
sion which relates the observed emission center-of- 
gravity v CfS with that found for the unrelaxed and fully 
relaxed states, v 0 and v^, respectively, 

* cB= -^ + 0> 0 -TO_p-. [12] 

This expression shows that when the relaxation time 
t r is short relative to the lifetime r, the solvent-relaxed 



red-shifted emission is observed. A blue-shifted emis- 
sion is observed if the solvent becomes more viscous, if 
r R becomes longer, or if the lifetime r decreases. Hence, 
for polarity-sensitive fluorophores we expect a blue- 
shifted emission near the metal surface due to the 
shorter lifetime (Fig. 22). 

The blue shift near a metal surface may be useful in 
studies of lipid bilayers or cell membranes. For exam- 
pie, solvent-sensitive fluorophores like prodan or Iaur- 
dan display blue-shifted emission in solid-phase mem- 
branes and red-shifted emission above the phase 
transition temperatures (70, 71). It is also known that 
polarity-sensitive fluorophores display time-dependent 
spectral shifts when bound to proteins or membranes 
(72, 73). The time-resolved emission spectra shift to 
larger wavelengths at longer times following excita- 
tion. This is due to the similar time scales of emission 
and solvent relaxation. Suppose the proteins or mem- 
branes are labeled with a solvent-sensitive fluorophore 
like prodan or acrylodan (74, 75). In this case it may be 
possible to selectively observe the labeled protein near 
the surface by observation on the short wavelength 
side of the emission. 

Resonance Energy Transfer 

At present there are only limited experimental re- 
sults on the effects of metal particles on resonance 
energy transfer. However, interesting theoretical pre- 
dictions have been reported (76, 77). In the absence of 
inetal particles the rate of transfer kj depends on the 
donor {D) to acceptor {A) distance according to Eq. [5]. 
Suppose the donor and acceptor are located along the 
long axis of an ellipsoid with the dipoles also oriented 
along this axis. Figure 23 shows the enhancement of 
the rate of energy transfer due to the metal particle, 
that is the ratio of the rates of transfer in the presence 
(At) and absence (A?) of the metal. Enhancement of 10" 5 




r d (A) 

FIG. 23. Enhancements in the rate of energy transfer in the pres- 
ence of a silver particle. 
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FIG. 24. Effect of particle size on the enhancement of energy trans- 
fer. In this figure a is 100 A and r a is the distance from the center of 
the ellipsoid. The D and A transition moments are parallel to the 
long axis of the ellipsoid. 



is possible. The enhancement depends on the transi- 
tion energy being in resonance with the particle. A 
smaller but still significant enhancement is found for a 
less resonant particle (Fig. 23, lower curve) and on 
wavelength (Fig. 24). The enhanced rate of energy 
transfer persists for distances much larger than typical 
Forster distances (Figs. 23 and 24). While these simu- 
lations are for dipoles on the long axis and oriented 
along this axis, the enhancements are still large when 
the donors and acceptors have 'different orientations 
and locations around the particle (77). 

The simulations in Figs. 23 and 24 do not consider 
the increased emission rates of fluorophores near sur- 
faces. Since emission and RET are competitive pro- 
cesses, the RET efficiency depends on the relative val- 
ues of the emission and energy transfer rates. 
Examination of the available simulations (76, 77) sug- 
gests that the enhancements in RET are larger than 
the enhancements in the emissive rates. This indicates 
that RET will occur over longer distances near metal 
particles even if the donor lifetimes are decreased by 
more rapid emission. It is important to know whether 
the metal-induced rates of transfer depend on the 
emissive rate of the donor. In the case of RET without 
metal particles the rate of transfer is proportional to 
the donor emissive rate. This can be seen from Eq. [5] 
by recalling that rate of transfer is proportional to the 
quantum yield (Q) [see Eq. 13.2, in Ref. (78)]. The ratio 
Q/tq, where r D is the donor lifetime in the absence of 
acceptor, is proportional to the emissive rate of the 
donor. This means in the absence of metal that RET is 
50% efficient when the D-A distance is R 0 , irrespective 
of the unquenched lifetimes of the donor, whether the 
donor is a millisecond-decay-time lanthanide or a pico- 
second-decay-time fluorophore. It appears that the rate 
of transfer near the metal will be proportional to the 
emission rate of the donor in the absence of the particle 
(76, 77). Additional simulations and experiments are 



needed to clarify the effects of metal particles on the 
efficiency of RET. 

At this time the implications of metal-enhanced RET 
for biochemistry are not known. One obvious possibil- 
ity is detection of D T A proximity over long distances. 
For instance, one may be able to detect RET between 
proteins located on opposite sides of a membrane. En- 
ergy transfer between different proteins in a larger 
macromolecule complex may become significant in the 
presence of metal particles. 



Effect of Fluorophorq Orientation and/or Rotation on 
Intensity Decays 

Time-resolved intensity decays reveal the rates and 
amplitudes of fluorophore motions during the excited 
state lifetime. In almost all known cases there is no 
direct linkage between the intensity and anisotropy 
lore. These are independent pro- 
cesses. This interaction independence remains true 
even for associated z nisotropy decays where each spe- 
cies in a mixture dis :>lays its own characteristic inten- 
sity and anisotropy decays (79, 80), 

In Fig. 13 we described how fluorophore orientation 
relative to the metal surface affects its decay rate. This 
interaction results in an unusual effect in which the 
rotational rate of a fluorophore affects its lifetime, Con- 
sider a membrane ceposited on a perfect mirror and 
assume the coexiste nce of solid- and liquid-phase lip- 
ids. If a fluorophore is oriented perpendicular to the 
surface in the solid Dhase, its lifetime will be shorter 
relative to a parallel fluorophore in the fluid-phase 
membrane. This effect would allow the phases to be 
distinguished by longer decay times in the fluid phase. 
Other effects are also possible. For instance, assume 
rotational diffusion allows the fluorophore to sample 
orientations which increase the decay rate, and that 
these dynamically accessible orientations are not 
found in the solid-phase membranes. In this case the 
fluid-phase regions of the bilayers will display shorter 
decay times. This effect may provide an alternative 
approach to identify jlipid microdomains in membranes 
(81, 82), The emission also occurs in different direc- 
tions for different <pbserved polarizations (50). This 
suggests that one (jan observe different fluorophore 
populations based on their emission at various angles 
relative to the surface. This could be a new form of 
"dichroism" based on directed emission from different 
fluorophores. As another example, suppose the orien- 
tation of a fluorophore relative to a metal surface can 
be altered by an static electric field or a change in 



solution conditions^ These changes in orientation 
would result in a change in the decay time. 
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FIG. 25. Use of rnetal-enhanced fluorescence in near-field micros- 
copy. 

Near-Field Microscopy 

Metal effects on fluorescence have already been de- 
tected in scanning near-field optical microscopy 
(SNOM) (83-86). One example is shown in Fig. 25 (83). 
In this case there is no optical aperature. The sample is 
illuminated near the atomic force microscope (AFM) 
metal tip, but not through the tip. The emission from 
the sample is enhanced in a 70-A region surrounding 
the AFM tip, which is measured by a nearby detector. 
The local field is increased about 10-fold by the tip, 
which results in a 100-fold increase in the local inten- 
sity. The effects of the metal tip on the local fluores- 
cence lifetime of a Eu 3+ sample have already been used 
for lifetime imaging (85). At present SNOM is being 
used for single molecule detection (87-89) and imaging 
is being done using RET between the sample and the 
tip (90-92). Consideration of the effects of metals on 
the emissive rate and energy transfer rates may sug- 
gest new types of measurements using SNOM. 

SNOM may provide a valuable method to study flu- 
orophore-metal interactions. This possibility is sug- 
gested by the effects of a gold SNOM tip on the emis- 
sion from a Eu 3+ sample (Fig. 26). In this case the 
lifetime from the Eu 3+ layer was found to depend on 
the distance between the tip and the sample (86). One 
can readily imagine measurements of intensities and 
lifetimes in specific regions around metal islands, or 
the effects of metal islands on energy transfer. 

BIOMEDICAL APPLICATIONS OF RDE 

In the preceding sections we considered the molecu- 
lar aspects of surface-enhanced fluorescence and how 
these effects could yield new information in biochemi- 
cal research. We now consider how these effects can be 
used in the biomedical applications of fluorescence. 

Assays Based on Low Quantum Yield Fluorophores 

At present one usually strives to use the fluorophores 
with the highest quantum yields. When using metal 




x { nm ) 

FIG. 26. Effect of distance between the sample and a gold AFM tip 
on. 

surfaces it may becomes desirable to use fluorophores 
with low quantum yields. Consider the schematic im- 
munoassay assay in Fig. 27. Assume that a capture 
antibody is covalently bound to the surface near the 
metal particles. The presence of the analyte (An) re- 
sults in surface binding of a second antibody which is 
labeled with a nonfluorescent chromophore. Upon 
binding to the antigen the previously nonfluorescent 
species emits due to the increased radiative rate. The 
unbound species more distant from the metal site will 
not interfere because they do not fluoresce. The non- 
fluorescent species becomes a "molecular beacon" emit- 
ting only when close to the metal particles. In fact, two 
recent reports have shown the use of metal-enhanced 
emission from low quantum yield fluorophores in im- 
munoassays (93, 94). 



An = Analyle 




FIG. 27. Sandwich immunoassay with low quantum yield fluoro- 
phores. 
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FIG. 28. Voltage-activated fluorescence assays based on metal ef- 
fects. 

The concept of surface-enhanced fluorescence can be 
extended to assays which use electrical potential to 
gate the fluorescence on and off. For example, the flu- 
orophore may be positioned at the end of a flexible 
polymer chain (Fig. 28). The entire chain and fluoro- 
phore can be negatively charged. If the voltage or the 
metal is positive, the fluorophore can be in the 
quenched zone. If the voltage is made negative, the 
fluorophore can be displaced into the enhancement 
zone. Alternatively, the fluorophore could be moved in 
and out of the shorter range quenching zone of the 
metal. In either case the emission could be gated by the 
voltage, This concept can be extended to provide a 
method to access array sensors (95, 96). This possibility 
is supported by a recent report which showed voltage- 
dependent emission from a fluorophore bound to a 
gated electrode (97). 

Energy Transfer Immunoassays 

Immunoassays have also been based on RET (98, 
99). Typically donor- and acceptor-labeled antibodies 
bind to the antigens or analytes (An) (Fig. 29). Alter- 
natively, the assay can be competitive in which case 
the endogenous analyte competes with donor (or accep- 
tor-labeled antigen. While RET immunoassays have 
been demonstrated in the laboratory, the large size of 
antibodies relative to the Forster distances has re- 
sulted in low transfer efficiencies. However, suppose 
the complexes migrate to a silver island surface due to 
an electrical potential or other attractive force. In this 
case the metal-induced increase in the transfer rate 
will result in transfer over larger distances and the 
antigen will become detectable by an increase in the 
transfer efficiency. 



Enhanced energy transfer can be combined with di- 
rectional emission to result in higher sensitivity. For 
example, it is known that fluorescence can be excited 
by the evanescent wave due to surface plasmons (100, 
101). This experiment arrangement is shown in Fig. 
30. Remarkably, the emission resulting from surface 
plasmon excitation is directed in a narrow angular 
distribution. For the control surface without silver 
(right) the emission increases at the critical angle for 
the fluorescence. When excitation is at the plasmon 
resonance angle, the emission is sharply distributed at 
the plasmon angle for the emission wavelength. It 
seems possible to use this effect to selectively observe 
the desired signal while rejecting background at differ- 
ent wavelengths or distances from the silver surface. 

Chemiluminescent and Electrochemiluminescent 
Assays 

Chemiluminescence and electroluminescence are 
useful detection methods because the emission occurs 
without autofluorescence from the samples (102-104). 
Metal particles could be used to increase the sensitivity 
of these assays. For example, electroluminescent as- 
says are often performed using ruthenium metal-li- 
gand complexes, such as [Ru(bpy) 3 ] 2+ where bpy is 
2,2'-bipyridine. The excited state is generated by elec- 
trochemical creation of an amine free radical. This 
species reacts with the oxidized Ru complex to yield an 
excited state complex. The quantum yields of 
[Ru(bpy) 3 ] 2+ and similar complexes are below 5%. The 
use of a silver island surface can increase the Ru com- 
plex quantum yield and improve sensitivity (Fig. 31). 
As shown in Fig. 16, a periodic metal surface can result 
in spatially directed emission. This suggests that a 
further increase in electroluminescence sensitivity 
could be obtained by use of an appropriate metal sur- 
face to direct the emission toward the detector (Fig. 
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FIG. 29. Energy transfer immunoassay using donor- and acceptor- 
labeled antibodies. 
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FIG. 30. Appar atus for surface plasmon excitation and angular 
distribution of the fluorescence from rhodaniine 6G. 



31). We note that directed emission should occur 
whether the fluorophore is excited using light or chem- 
ical energy. 

DNA Analysis 

Completion of the human genome sequence is driv- 
ing development of a wide variety of approaches to 
DNA analysis. These methods include DNA arrays or 
gene chips, PCR-based assays and hybridization as- 
says. (105-110). Many of these assays are based on 
RET. In the case of hybridization assays the length of 
the sequence needs to be small enough to position the 
donors and acceptors within the Forster distance (109, 
110). This limitation may be overcome using metal 
surfaces. Since the transfer distance can be increased 
10-fold more by a metal particle, one can imagine RET 
assays being performed where the donors and accep- 
tors are 150 base pairs apart, rather than the more 
typical 15 base pairs. Alternatively, metal-enhanced 
RET may be used to probe longer range structures in 
DNA, RNA, or ribosomes. 

One can imagine DNA hybridization reactions which 
are detected by surface effects on fluorescence or on 
RET. For example, it is known that the local field can 
be dramatically enhanced between two spherical col- 
loids (1 1 1) (Fig. 32). Two metal colloids may be brought 
into close proximity by complementary single-stranded 
oligomers on each particle. The high field between the 
particles could enhance the emission of a high or low 
quantum yield dye bound to the hybridized DNA be- 
tween the particles. The high field may enhance the 
extent of multiphoton excitation of the dye or of DNA 
itself. Alternatively, the rate of energy transfer of do- 
nors and acceptors may be enhanced between the par- 
ticles. 

All presently used DNA assays rely on extrinsic 
probes which are used to impart useful fluorescence to 
intrinsically nonfluorescent DNA. Radiative decay en- 
gineering can revolutionize DNA technology. Suppose 
DNA is adjacent to a metal surface and the radiative 



decay rate is increased, or between two particles as 
shown in Fig. 32. Then one may be able to use the 
enhanced intrinsic emission of DNA, rather than label- 
ing the DNA (Fig. 33). The deep UV absorption of DNA 
will not be a problem because compact 263-nm lasers 
are now available. Alternatively, the metal particles 
may facilitate two-photon or multiphoton excitation 
due to enhanced local fields, allowing excitation of in- 
trinsic DNA fluorescence using visible or NIR lasers. 
The intrinsic emission of DNA may be different for 
single- and double-stranded DNA, facilitating detec- 
tion of hybridization. If needed, the DNA may be elec- 
trophoresed to the metal for the analysis. 

DNA Sequencing 

While the human genome and other organisms have 
been sequenced (112, 113) there is still a need for 
faster, cheaper, and more sensitive DNA sequences. 
Some groups are attempting to sequence a single DNA 
strand using a single strand of DNA (114, 115). The 
basic idea is to allow an exonuclease to sequentially 
cleave single nucleotides from the strand, label the 
nucleotide with a fluorophore, and detect and identify 
the labeled nucleotide. This goal is more difficult than 
single molecule detection because every nucleotide 
must be detected and identified, not the simpler task of 
finding one fluorophore among many. Also, the labeling 
of nucleotides is likely to result in a larger number of 
fluorophores which have not reacted. 
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FIG. 31. Use of metal islands on a periodic metallic surface in 
immunoassays. DNA hybridization assays or electroluminescent as- 
say. The latter assays do not require an optical excitation source. 
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FIG. 32. Electric field around a spheroid and between two sphe- 
roids. Points A and B have the highest fields, and point C has the 
lowest field. The lower panel shows the local intensities at points A 
and B. 



The use of RDE could allow base detection and iden- 
tification without labeling. Suppose the released nucle- 
otides pass through a specially designed flow chamber 
(Fig. 34). The size and shape of the chamber could be 
such that the bases displayed intrinsic emission. Also, 
the surface would be shaped and periodic in a manner 
which directs the emission toward a detector. The de- 
sign would be such that the directed emission occurs 
wherever the unlabeled nucleotides flow through the 
laser beam. SERS of DNA bases has been observed 
using silver and gold colloids (116), which suggests to 
us that surface-enhanced fluorescence will also be ob- 
served for DNA and its bases. Additionally, it has now 
become possible to create silver particles on surfaces 
with broadly tunable SPR spectra using nanolithogra- 
phy (117), and a variety of methods are appearing for 
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FIG. 33. DNA analysis based on intrinsic DNA fluorescence. 
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FIG. 34. Single-strand DNA sequencing based on enhanced and 
directed nucleotide emission. 



self-assembly of metallic nanoparticles (118-120). If 
successful, such an apparatus would allow DNA se- 
quencing using intrinsic nucleotide fluorescence. 

CONCLUSION 

In the preceding sections we have described the re- 
markable opportunities available by combining fluo- 
rescence and metal particles. Many challenges must be 
met to make practical use of these known optical phe- 
nomena. The effective use of these interactions can 
result in new types of fluorescence experiments and 
novel approaches to medical diagnostics. 
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